The Silk Road pattern, a wave-like anomaly pattern observed along the summertime Asian jet, is one of the major teleconnection patterns that can influence the East Asian summertime climate. Our analysis based on a reanalysis (JRA-25) dataset confirms the conventional notion that the pattern has a characteristic of a free stationary Rossby wave train, with its horizontal wavenumber close to the stationary Rossby wavenumber determined by the mean intensity of the jet. However, our analysis reveals its more essential characteristic as a dynamical mode whose extraction of available potential energy from the baroclinic Asian jet is highly e‰cient for its self-maintenance. Our analysis also reveals high sensitivity of its barotropic energy conversion to subtle zonal asymmetries of the Asian jet, which can be regarded as a critical factor to anchor the strongest vorticity anomaly around the western jet core and thereby determine the preferred longitudinal phase alignment of the wave train as observed. In fact, singular value decomposition of a global baroclinic model linearized about the observed mean state for boreal summer leads to identification of a perturbation similar to the Silk Road pattern with respect to its structure and energetics. It is thus indicated that the configuration of the mean flow determines the dominant phase, as well as the meridional location and the wavenumber, of the Silk Road pattern.
Introduction
Modulations in natural variability of atmospheric circulation associated with long-term climate changes, especially due to the anthropogenicallycaused global warming, are attaining increasing social and scientific attentions. In general, patterns of the natural variability largely depend on the configuration of the mean (or ''basic'') state in which they are embedded. Ceaseless improvements of global climate models, including those contributed to the World Climate Research Programme's (WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3), have led to their fairly realistic reproduction of the mean state of the present-day climate (Reichler and Kim 2008) . Their spatial resolution has increased and is now high enough for realistic simulation of synoptic-scale weather systems and associated undulations of westerly jet axes. These model improvements motivate us to examine natural variability in the model climate in detail. Skill in reproducing the present-day climate with respect not only to its mean state but also to natural variability gives a measure of model performance. Evaluating the particular skill by defining a metric is therefore required as a strategy to assess the projected future climate changes under the global warming scenarios described in the fourth Assessment Report from the Intergovernmental Panel on Climate Change (IPCC 2007) .
A wave-like anomalous circulation pattern along the summertime Asian jet, which develops along the poleward flank of the upper-level Tibetan High, is one of the major low-frequency variability patterns that influence East Asian climate in summer (Wakabayashi and Kawamura 2004; Yasunaka and Hanawa 2006; Hsu and Lin 2007) . In July, it induces the withdrawal of Baiu/Meiyu season in the East Asia (Enomoto et al. 2003) . While Enomoto et al. (2003) identified the wave train pattern in the zonally-varying component of the climatological-mean field for mid-summer, similar wave-like anomalies have also been identified in the anomaly field (Enomoto 2004) . In the present paper we refer to the latter as the Silk Road pattern. The Silk Road pattern induces strengthening/ weakening of the Bonin High, an equivalentbarotropic anticyclone observed at the western (eastern) portion of the North Pacific subtropical anticyclone (Tibetan High) in the lower (upper) troposphere. Development of wavy anomalies similar to the Silk Road pattern preceded a heat wave over Japan observed in mid-July 2004, when the highest temperatures were recorded at many weather stations over Japan. Iwao and Takahashi (2008) discussed relationship of the Silk Road pattern with another wave train pattern along the polar-front jet (PFJ) over northern Eurasia. Krishnan and Sugi (2001) indicated its potential role in connecting anomalous precipitation over the Indian Monsoon region and that associated with the Baiu/Meiyu over the Far East in June and July.
Examining the dynamics of the Silk Road pattern observed in August, Sato and Takahashi (2006) argued that the preference of a particular geographically-fixed phase of the pattern may be attributed to high e‰ciency of the barotropic energy conversion from the Asian jet for that phase. Their result implies that fine spatial structure of the Asian jet, including its subtle climatologicalmean meander and lateral shear, has to be reproduced in climate models to yield realistic structure and magnitude of the Silk Road pattern, which is of certain importance for summertime climate and its variability over East Asia.
In the present study, we identify the signature of the Silk Road pattern in each of the CMIP3 climate models and evaluate its energetics in relation to the mean structure of the Asian jet. Comparing its structure and energetics among the model simulations may enable us to extract essential dynamical features in the mean state that determine the observed structure of the Silk Road pattern, to gain some insight into possible future modulations of that pattern under the global warming. For this purpose, even those models that exhibit relatively low skill scores in reproducing the Silk Road pattern, if any, would be useful.
For our comparison, we construct a metric suited for the CMIP3 climate models listed in Section 2 to measure the reproducibility of the Silk Road pattern in the present climate, as discussed in Section 4. Our definition of the metric is based on a detailed analysis on the dynamics of the Silk Road pattern by using reanalysis data and a linear baroclinic model (LBM), as described in Section 3. Through our comparison and analysis, we can deepen our understanding of the dynamics of the Silk Road pattern, as summarized in Section 5.
Data and models
In the present study, monthly-mean data of the Japanese 25-year reanalysis (JRA-25; Onogi et al. 2007 ) are used as a reference dataset. The data are available on a 2:5 Â 2:5 grid on the standard pressure levels. Climatological-mean and anomaly fields of the JRA-25 data are defined as a 29-year (from 1979 to 2007) mean and departures from it, respectively, for each calendar month.
Outputs of the 20th Century Climate in Coupled Models (20C3M) experiments from 24 CMIP3 climate models (Meehl et al. 2007) , as listed in Table  1 , are analyzed and compared. They are available at the Program for Climate Model Diagnosis and Intercomparison (PCMDI) web site1. Since the spatial resolution of the outputs varies from a model to another, we have interpolated these output data horizontally into the same 2:5 Â 2:5 grid as in the JRA-25 using the ''area sampling method'' (see Appendix for more details). No vertical interpolation has been applied. To increase statistical robustness as much as possible, all the available ensemble members have been included in our analysis. Climatological-mean fields for each of the model outputs are defined as the ensemble mean of the 30-year (1970-1999) means for the members for each calendar month. Vorticity fields have been calculated for the 20C3M outputs after the horizontal interpolation was conducted. In order to extract large-scale features of the circulation, horizontal smoothing was then applied by multiplying a spherical harmonic component of the total wavenumber n by exp½ÀKfnðn þ 1Þg 2 (Hoskins 1980) , where the coe‰cient K has been determined in such a way that amplitudes of the harmonic components with n ¼ 24 are reduced by 50%. The same smoothing procedure has also been applied to the JRA-25 data.
3. Wave train pattern along the Asian jet in the real atmosphere Following Branstator (2002) and Ding and Wang (2005) , we use meridional wind anomalies in the upper troposphere for identifying the wave train patterns that develop zonally along the Asian jet. Distributions of the local standard deviation of the 200-hPa meridional wind (v 200 ) anomalies based on the JRA-25 data are shown in Fig. 1a and 1b for July and August, respectively. For each of the months, interannual variability of v 200 is strongest along the Asian jet axis (Figs. 1c,d ) in the climatological-mean field, suggestive of the dominance of Rossby wave trains propagating through the jet. The Asian jet is a manifestation of the climatological-mean meridional temperature gradient associated with the Tibetan High, whose structure may be explained by the monsoon-desert mechanism (Rodwell and Hoskins 1996) . Secondary zonal maximum of the standard deviation of v 200 is found around 60 N along the PFJ. The variability corresponds to Rossby wave propagation that leads to the formation of the surface Okhotsk High (Nakamura and Fukamachi 2004) .
Climatology
To elucidate the role of the Asian jet as a waveguide, we have locally evaluated the stationary Rossby wavenumber (Hoskins and Ambrizzi 1993 E and the other around 75 E, suggesting that there exists a particular geographically-fixed phase of a wave train pattern that dominates over other longitudinal phases. This implies the two possibilities as follows: there may be a preferred region(s) along the jet where local energy extraction is particularly e‰cient from the jet into the waveguide. If no such region(s) is found along the Asian jet, there must be a preferred forcing region farther upstream.
To identify the structure of the wave train pattern with the most preferred phase for its occurrence, an empirical orthogonal function (EOF) analysis has been performed for v 200 anomalies within a domain [20 -60 N, 30 -130 E] . The ob- tained pattern is found to be insensitive if the zonal span of the analysis domain is widened by 40 . The wide meridional span for the EOF analysis is adopted so that the same domain can be applied also to a climate model in which the Asian jet axis simulated is displaced notably. The variance fraction explained by the leading EOF (EOF1) is 36.4% (35.1%) for July (August), and it is well separated from the second EOF based on North's criteria (North et al. 1982) for each of the months. The dominance of EOF1 is consistent with the two maxima of the v 200 variability (Figs. 1a,b) . As shown below, our EOF1 captures the essential features of the Silk Road pattern as identified previously (Enomoto et al. 2003; Enomoto 2004 ). Hereafter we therefore refer to our EOF1 as the Silk Road pattern. Figure 2 shows vorticity anomalies regressed on the principal component time series that corresponds to our EOF1 (PC1). Both in July and August, a wave train structure is evident with cyclonic and anticyclonic anomalies aligned along the Asian jet waveguide. For this particular phase that corresponds to positive values of PC1, a strong cyclonic anomaly center is located to the southeast of the Aral Sea (@60 E) both for the July and August patterns, with its downstream extension evident along the Asian jet waveguide. This cyclonic anomaly center corresponds to the dual maxima of v 200 variability at 45 E and 75 E with wavelength of 60 in longitude.
There are some subtle July-August di¤erences in the Silk Road pattern (Fig. 2) . In August the wave train extends farther eastward into the North Pacific. In addition, the July wave train apparently originates from the midlatitude northeastern Atlantic ( Fig. 2a) , while the origin of the August wave train seems to be over the North Sea (Fig.  2b ). This July-August di¤erence in the origin of the dominant wave train reflects the upper-level double-jet structure over the Azores High, in agreement with the findings by Ding and Wang (2005) .
While the wave trains for July and August are almost in phase around the Aral Sea, they are obviously out of phase to the east of 110 E. The wave train accompanies anomalous northerly over Japan in July, while it accompanies cyclonic anomalies over Japan in August. This di¤erence is a manifes- E and 60 E, accompanying upward Rossby wave-activity flux. Embedded in the climatological Asian jet with pronounced meridional temperature gradient, those vertically-tilted anomalies can extract available potential energy (APE) for their growth and maintenance, as discussed in the next subsection.
In July, the upper-tropospheric wave-activity flux associated with the wave train is oriented southeastward over China, in association with vorticity anomalies with their node lines tilted in the northeast-southwest direction. The wave-activity flux indicates southeastward propagation of the wave train following the climatological northerly wind in the upper troposphere along the eastern flank of the Tibetan High. The wave-activity flux converges into the cyclonic anomaly over the east coast of China to strengthen it. To its south, it accompanies a significant anticyclonic anomaly over the Philippines and South China Sea. The meridional vorticity dipole resembles the Pacific-Japan (PJ) teleconnection pattern (Nitta 1987) . Kosaka and Nakamura (2006, 2008) suggested that the PJ pattern may be a moist dynamical mode inherent in the summertime Northwestern Pacific. In their argument, anomalous cumulus convective activity around the Philippines can induce the vorticity dipole, which can be regarded as a dynamical mode for the dry atmosphere with its e‰cient energy conversion from the climatological-mean state. The anomaly dipole pattern, in turn, can reinforce the anomalous convective activity through inducing anomalous moisture convergence/divergence and anomalous vertical motions dynamically. The July EOF1 (Fig. 2a) suggests the possibility that the Silk Road pattern can excite the PJ pattern, consistent with its characteristic as a dynamical mode. In fact, anomalous precipitation and lowertropospheric circulation regressed on PC1 for July also include a signature of the PJ pattern (figures not shown). Meanwhile, the longer wavelength under the stronger jet intensity in August may lead to the particular phase alignment with the midlatitude vorticity anomaly center whose location is not inducive for the PJ pattern. The relationship between the Silk Road and PJ patterns will be discussed elsewhere in more detail.
Energetics of the Silk Road pattern
The EOF analysis in the previous subsection indicates that the Silk Road pattern identified in EOF1 stands out of EOF2 both in July and August, indicating the dominance of the geographically-fixed wave phase. In Fig. 2 , the wave train apparently originates from distant regions between July and August. Nevertheless, the anomalies are nearly in phase between the two months over the Aral Sea, where the anomalies attain the largest amplitudes. It is therefore unlikely that wave sources that are geographically apart between July and August incidentally excite the anomaly patterns along the jet that are in phase over the particular longitudinal sector. Rather, we investigate the role of energy conversion along the Asian jet in fixing the wave phase geographically. Figure 3 shows distributions of local barotropic and baroclinic energy conversions (denoted as CK and CP, respectively) between the Silk Road pattern and the climatological-mean flow, formulated as
with
and
respectively. In (2), CK x and CK y are barotropic energy conversions associated with zonal variations and the meridional shear of the climatologicalmean field, respectively. In (2) and (3), u and v denote the zonal and meridional wind components, T signifies temperature, p pressure, f the Coriolis parameter, and S the stability parameter S ¼ RT=C p p À qT=qp with R the gas constant of dry air and C p the specific heat of the air at the constant pressure. The zonal and meridional derivatives are expressed in the spherical geometry as q=qx ¼ q=a cos yqf with f longitude and q=qy ¼ q=aqy þ tan y=a, respectively, and overbars and primes represent the climatological-mean fields and the anomalies regressed on PC1, respectively. Positive values of CK and CP indicate that the anomalies extract kinetic energy (KE) and APE, respectively, from the mean state. In Fig. 3 , both 200-hPa CK and verticallyintegrated CP are concentrated along the Asian jet both in July and August. As pointed out by Sato and Takahashi (2006), Figs. 3a,b show that the strongest KE extraction into the Silk Road pattern occurs on the northern flank of the western core of the Asian jet (40 -60 E) , where the cyclonic shear of the mean westerlies is maximized. As shown in
Figs. 3a and 3b, the southward component is evident in the extended Eliassen-Palm (EP) flux defined by Hoskins et al. (1983) 2, indicating that CK is primarily contributed by CK y (Figs. 3e,f ) . In fact, the node line between the strongest anomaly center at 60 E and another anomaly center upstream is tilted in the northeast-southwest direction 2 The extended EP flux E is defined as Hoskins et al. (1983) . In (2), CK can be represented with good accuracy as CK F E Á 'u (Simmons et al. 1983 ).
on the poleward flank of the Asian jet. In August, this particular orientation is a manifestation of the southeastward propagation of the wave train from the Atlantic PFJ into the Asian jet. The positive CK is also associated with the westward-pointing EP flux, indicating the KE extraction of the zonally elongated anomalies situated in the exit of the western core region of the Asian jet through positive CK x (Figs. 3c,d ). The particular phase orientation as well as the anisotropic structure of the anomalous circulation embedded around the western core of the Asian jet mainly contribute to the positive CK. Though weaker, negative CK is noticeable on the south of the eastern core of the Asian jet between 70 E and 100 E. In July, the negative CK over China arises from the southeast propagation of the wave train along the eastern fringe of the Tibetan High, as discussed in Section 3.2. Though locally much stronger than CK x (Figs. 3c,d ), positive and negative values of CK y cancel out one another (Figs. 3e,f ) when integrated hemispherically, resulting in the net contribution of CK y much smaller than that of CK x . Figures 3g,h indicate significant APE conversion (CP) along the Asian jet axis, where slight vertical tilts of phase lines of the wave-like anomalies (Figs. 2c,d ) act on strong meridional temperature gradient. The conversion CP is either positive or negative depending on the local orientation of the vertical phase tilt, but as shown below, the positive conversion dominates over the negative conversion if integrated hemispherically.
E‰ciencies of the energy conversions are evaluated as the time scales given by
based on the regressed anomalies. Here, h i denotes spatial integration over the entire Northern Hemisphere, after integrated vertically if indicated. The e‰ciencies are summarized in the columns labeled ''original'' in Table 2 . In July, the anomalies gain energy from the climatological-mean state to maintain or reinforce themselves both through the baroclinic and barotropic conversions. In August, they gain energy through the baroclinic conversion but lose it barotropically. Both in July and August, the baroclinic energy conversion is much more e‰-cient than the barotropic conversion. As a net they altogether can replenish the total energy of monthly anomalies associated with the Silk Road pattern within a week or so. Since the conversion time scale is much shorter than a month, the Silk Road pattern in the monthly field cannot be regarded as a Table 2 . Time scale (days) with which spatially integrated energy of the anomalies shown in Fig. 2 could be replenished through a particular energy conversion based on the JRA-25 data for (a) July and (b) August. The energy conversions are also evaluated after the anomaly pattern has been shifted zonally as indicated. The energy (KE for t CK , APE for t CP and KE þ APE for t CKþCP ) and its conversion have been integrated over the entire Northern Hemisphere. For ''surface-100 hPa'', the energy and its conversion have been integrated vertically from the surface to the 100-hPa level before integrated horizontally. pure free Rossby wave train. It is also shorter than damping time scales (10-30 days) used commonly in numerical models. The above result implies a possibility that the Silk Road pattern is a dynamical mode inherent in the summertime Asian jet as it can maintain itself e‰ciently against dissipative processes. Our evaluation, however, does not include the role of the form drag inserted by the surface topography on the energetics nor examined the time evolution of the anomalies. Determining whether the Silk Road pattern is dynamically unstable thus requires further investigation. In order to investigate a possible role of the energy conversions in the geographic fixing of the phase of the wave train that constitutes the Silk Road pattern, the same evaluation as above has been carried out after the anomaly patterns shown in Fig. 2 are shifted longitudinally relative to the observed climatological-mean fields ( Table 2 ). The e‰ciency of the barotropic energy conversion falls rapidly as the pattern shifting is enhanced. In July, the KE loss through negative CK becomes so significant as it can damp the pattern within a week or two if the shifting becomes as large as 20 in longitude. In August, a slight increase is found in the efficiency of the upper-tropospheric CK in the case of the 10 westward shift, but the increase is so small that it is canceled out when integrated vertically. The vertically integrated CK for August is thus nearly zero for the observed Silk Road pattern, and the pattern loses KE if shifted zonally by 20 in longitude.
The e‰ciency of the baroclinic conversion (CP) also decreases if the pattern is shifted zonally, but more gradually than that of the KE conversion. In contrast to the local barotropic conversion that is rather sensitive to subtle zonal asymmetries of the Asian jet as represented by CK x , the baroclinic conversion is determined mostly by the mean meridional temperature gradient for the entire depth of the troposphere in and around the jet core region as represented by the first term in the parenthesis of the right-hand side of (3). The baroclinic conversion is thus less sensitive to the longitudinal shifting of the anomalies than the barotropic conversion. This result leads to our interpretation that, embedded in the baroclinic Asian jet, the Silk Road pattern gains energy primarily through the baroclinic energy conversion, while barotropic energy conversion, though weaker, is sensitive to subtle zonal variations of the Asian jet, acting to fix the pattern geographically.
The Silk Road pattern in the LBM
The role of the energy conversions in determining the dominance of the particular geographically-fixed anomaly distribution associated with the Silk Road pattern is elucidated further through our analysis by using a model based on linearized dry primitive equations. The model is the dry version of the LBM developed by Kimoto (2000, 2001) , with horizontal resolution of T42 and 20 vertical levels on the s coordinate. The model includes biharmonic horizontal di¤usion with an e-folding time of 1 day for the smallest wave and weak vertical di¤usion with the e-folding time of 1000 days. The e-folding time scales for linear damping are set to be 30 days in most of the free troposphere, but 1 day for the three lowest (s b 0:95) and two uppermost (s a 0:025) levels, and 5 and 15 days for the fourth (s F 0:9) and fifth (s F 0:83) lowest levels, respectively.
The steady response of the model can be represented in a linear algebraic form
where x and f represent perturbation and forcing fields, respectively, and L is a linear operator that represents the basic state features. The basic field adopted for the model is the zonally-varying climatological-mean field based on the JRA-25 data for the period from 1979 to 2007 either for July or August (Fig. 1 ). Since L is not self-adjoint in general for a zonally-varying basic state, its eigenvectors do not form an orthogonal set, complicating their interpretation and mathematical application. Instead of seeking the eigenmodes, we adopt a singular value decomposition (SVD, Navarra 1993) expressed as
where U and V are orthonormal matrices and S is a diagonal matrix including the singular values as its elements. Then, the stationary response x to a prescribed forcing f can be expressed as
where u i and v i are the i-th columns of the U and V matrices, respectively, and s i is the i-th singular value. (9) indicates that the solution x can be expressed as a linear combination of the v vectors, each weighted by the projection of the forcing f onto the corresponding u vector multiplied by 1=s i . It also indicates that modes with the smallest singular values are dominant in a steady response to spatially random forcing. Thus, instead of directly solving (7) for the steady response to prescribed forcing, we can obtain the least damped modes for the basic state by means of the SVD technique (8). Both for July and August, the mode with the smallest singular value (SVD1) represents perturbations mainly in the wintertime Southern Hemisphere (not shown), while the mode with the second smallest singular value (SVD2) represents wave-like perturbations along the Asian jet with an eastward wave-activity flux (Fig. 4) . Pronounced cyclonic perturbations centered at 60 E are common in July and August, in almost the same location as in the observed Silk Road pattern (Figs. 2a,b) . Although the wavelength of the anomaly pattern in SVD2 is somewhat shorter systematically for July and August than that of the Silk Road pattern, the JulyAugust di¤erence observed in the wavelength of the pattern is reproduced in SVD2, manifested as the zonal displacement of an anticyclonic perturbation around Japan. The discrepancy of the wavelength may be due to the idealization of the model, including the linearization and simplified damping.
The barotropic energy conversion at the 200-hPa level and vertically-integrated baroclinic energy conversion, both evaluated for the perturbations in SVD2, are shown in Figs. 4c-f. Consistent with the observations (Figs. 3a,b) , strong KE gain and loss of the perturbation are located on the northern flank of the western core and on the southern flank of the eastern core of the Asian jet, respectively (Figs. 4c,d ). The baroclinic energy conversion (Figs. 4e,f ) is pronounced along the Asian jet, with its large positive values to the west of the cyclonic anomaly center near the Aral Sea (Figs. 4a,b) . Unrealistically strong CP around Iran and the Ara- bian Peninsula may arise from steep orography and associated small-scale perturbations in the lower troposphere. Except this strong CP and slightly shorter zonal wavelength than in the observations, the CP distribution is consistent with EOF1 for the real atmosphere (Fig. 3) , confirming the important role of the barotropic and baroclinic conversions in the geographical fixing and dominance, respectively, of the Silk Road pattern. As a whole, the gross features of the observed Silk Road pattern are reproduced in SVD2 of the LBM with the observed climatological-mean flow as the basic state. Extracted as the second least damped mode in the LBM, the Silk Road pattern can be regarded as a preferred mode of the zonally-varying Asian jet in summer.
The most distinct di¤erence between the EOF1 based on the JRA-25 data (Fig. 2) and the model SVD2 (Fig. 4) is that no distinct perturbation is found in SVD2 over the Euro-Atlantic sector in either July or August, highlighting the critical role of the barotropic energy conversion strongest in the sector [40 -60 E] in the dominance of the observed geographical phase of the Silk Road pattern. The strongest conversion occurs around the western core of the Asian jet associated with its weak poleward meander, suggesting the importance of the subtle zonal asymmetry of the jet in fixing the phase of the Silk Road pattern geographically.
E‰ciencies of the energy conversions for SVD2 are evaluated in the same manner as for the observed Silk Road pattern (Table 3) . To exclude the contribution from the unrealistically strong CP concentrated in the lower troposphere, t CP and t CKþCP are evaluated by integrating CK and CP vertically between the 500-and 100-hPa levels. Though CK is much more e‰cient for SVD2 than for the observed August pattern (Table 2b) , the dominance of CP over CK is still evident, confirming the primary energy gain through the baroclinic processes as indicated in the previous subsection. In spite of the stationarity assumed in the SVD analysis, t CKþCP for the SVD2 (Table 3) is comparable with that based on the EOF analysis (Table 2) , implying that the Silk Road pattern is not an unstable mode but rather one of the least damped modes.
Reproducibility of the Silk Road pattern in climate models
Signature of the Silk Road pattern simulated in the CMIP3 climate models is extracted and compared in this section. On the basis of the analysis in the previous section, we select the key features that measure the reproducibility of the structure of the Silk Road pattern as follows:
(i) latitudinal position of the Silk Road pattern and the axial latitude of the Asian jet, (ii) wavenumber of the Silk Road pattern and the stationary Rossby wavenumber determined by the Asian jet intensity, and (iii) geographical phase of the Silk Road pattern and zonally-varying components of the Asian jet.
The highly e‰cient energy conversion for the Silk Road pattern also indicates that (iv) amplitude of the Silk Road pattern and the efficiency of the energy conversion should be correlated. Identification of the model Silk Road pattern is through the same EOF analysis as applied to the JRA-25 data based on monthly v 200 anomalies within [20 -60 N, 30 -130 E] . For reference, the vorticity anomalies regressed on the PC1 time series and the associated wave-activity flux simulated in the models are shown in Figs. 5 and 6 for July and August, respectively. The climatological-mean precipitation and streamfunction at the 200-hPa level simulated in the models under the present-day climate, as well as the former based on the U.S. Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) and the latter based on the JRA-25 data, can be found at the authors' web site3. The summertime (JJA) climatology simulated in each of the CMIP3 mod- Table 3 . Time scale (days) with which spatially integrated energy of the perturbations associated with SVD2 shown in Fig. 4 could be replenished through a particular energy conversion. The energy (KE for t CK , APE for t CP and KE þ APE for t CKþCP ) and its conversion have been integrated vertically as indicated before integrated over the entire Northern Hemisphere. In most of the 24 CMIP3 models, a zonallyoriented wave-like anomaly pattern along the mean Asian jet similar to the observed Silk Road pattern is extracted in EOF1, but there are a few exceptions. For example, the ''Asian jet'' is too strong and too broad in ''BCC CM1'', which apparently causes a wave-like pattern its unrealistic southward displacement in July and its incoherency in August. In contrast, both ''GISS Model EH'' and ''GISS Model ER'' simulate the Asian jet that appears to be too weak to organize a Rossby wave Fig. 5 . As in Fig. 2a , but for 20C3M experiment in each of the 24 CMIP3 climate models. Model acronym and variance fraction explained by EOF1 for July are denoted near the upper-left and upper-right corners, respectively, of each of the panels, with asterisks, if added, indicating that the EOF1 can be well isolated from the corresponding EOF2 based on the criteria by North et al. (1982) .
train along it as the dominant mode of variability. In ''CSIRO Mk3.5'' and ''MIROC hires'', the July EOF1 emphasizes a wave-like signal along the PFJ rather than the Silk Road pattern along the subtropical Asian jet. The August EOF1 for ''INGV ECHAM4'' and ''CNRM CM3'' capture rather complicated wave-like anomalies that are not organized along the model Asian jet. Meanwhile, in some other models, EOF1 represents a coherent wave train signature along the Asian jet, but it is not well separated from EOF2. In ''MPI ECHAM5'', for instance, 23.0% of the total variance of the v 200 anomalies over the domain is explained by EOF2 for July. The fraction is comparable with that by EOF1 (26.7%). In fact, EOF2 in that model is much more in phase with the ob- served Silk Road pattern than EOF1. Situation is almost the same in ''NCAR PCM1'' for July. The Silk Road pattern may not be extracted in EOF1 for a model in which other modes of variability over Eurasia are overemphasized unrealistically. A simulated wave-like pattern that is nearly in phase with the observed Silk Road pattern is unlikely extracted in EOF1 if the pattern gives KE up into the mean flow as a net. The relationship between axial positions of the Asian jet and the Silk Road pattern is shown in Fig. 7 for the JRA-25 data and the CMIP3 models. The climatological-mean zonal wind velocity and zonal component of the wave-activity flux associated with the EOF1 pattern both at the 200-hPa level have been averaged zonally from 40 E to 100 E and then the latitudes of their maxima are determined with a cubic spline interpolation method. With a few exceptions (''CNRM CM3'', ''CSIRO Mk3.5'', and ''MIROC hires'' for July and ''CNRM CM3'' and ''INGV ECHAM4'' for August, for example), model EOF1 represents a wave-like anomaly pattern along the model ''Asian jet''. Interestingly, an along-jet wave train pattern is simulated in more models for August than for July. In fact, only 9 out of the 24 models can simulate a wave train signature along the Asian jet in the July EOF1 within G2.5 in latitude from their observed counterpart, but 15 out of the 24 models can in the August EOF1. In two of those models (''BCC CM1'' and ''IPSL CM4''), the ''Asian jet'' and associated wave train are displaced southward unrealistically. Figure 8 compares the stationary Rossby wavelength and actual wavelength of the EOF1 pattern. The stationary Rossby wavelength has been calculated on the basis of (1) from the climatologicalmean 200-hPa westerly wind speed averaged zonally between 40 E and 140 E, before averaged over the 10 latitudinal band centered at the jet axis defined for Fig. 7 (we neglect imaginary wavelength in the averaging). The actual wavelength has been evaluated from the positions of the vorticity anomaly centers as indicated in Figs. 2, 5 and 6.
Except several models in which wave-like anomalies associated with EOF1s are not organized along the model Asian jet, the horizontal wavelength of the EOF1 pattern does not di¤er substantially from the stationary Rossby wavelength evaluated for the jet. In fact, the inter-model correlation between these two quantities is positive as apparent in Fig. 8 , consistent with the theory of stationary Rossby waves. Interestingly, in most of the models the actual wavelength is shorter than the corresponding theoretical value for July, but the opposite is the case for August, in the same manner as observed. In July (Fig. 8a) , most of the models simulate the wavelength in the EOF1 pattern that is longer than that observed for July and closer to that observed in August. In July EOF1 for many of the models, a cyclonic anomaly is located around 60 E (Fig. 5) , close to the observed position (Fig. 2a) , while most of them simulate another cyclonic anomaly in the vicinity of Japan, to the east of its observed counterpart over northern China. Meanwhile, in the August EOF1 for most of the models, a wave train is organized along the climatological waveguide associated with the Asian jet (Fig. 8b) , but the actual wavelength of the EOF1 pattern exhibits rather strong model dependence.
In Section 3.3 we have argued that the dominance of the particular geographical phase of the wave train is determined by the e‰ciency of barotropic energy conversion that depends on subtle zonal variations in the climatological-mean flow. In particular, the pronounced barotropic conversion near the Aral Sea acts to fix the strongest anomalies geographically. We therefore focus on the location of the wave-like anomalies relative to the zonally varying component of the mean westerlies in the models (Fig. 9) . In the August EOF1 (Fig. 9b) , most of the models that can reproduce realistic zonal structure of the Asian jet, measured as their reproducibility of the distribution of qu=qx, can also reproduce realistic geographical phase of the Silk Road pattern. In some models that cannot well simulate the geographical phase of the anomaly centers despite the realistic reproducibility of the Asian jet structure (e.g., ''CSIRO Mk3.0''), EOF1 is not well isolated from EOF2 with relatively small ensemble size. Meanwhile, the zonal structure of the model Asian jet in July is not the sole factor that determines the geographical phase of the dominant wave train signature in a model (Fig. 9a) . Although most of the models can reproduce the zonal variations in the jet intensity reasonably well, the zonal displacement of the anomalous vorticity center varies significantly from one model to another. Figure 9 thus suggests that the Silk Road pattern is more di‰cult to be reproduced in the models for July than for August. Figure 10 shows relationship between the e‰-ciency of the energy conversion and the amplitude of the model EOF1s. Almost the same relationship as in Fig. 10 is obtained if t CP is used for the abscissa in place of t CKþCP , confirming the dominant contribution from CP to the energetics of the model-simulated Silk Road pattern, as discussed in Section 3.3. Positive correlation is apparent in Fig.  10 both for July and August, indicative of a crucial role of the energy conversion in determining the amplitude of the Silk Road pattern. This result also suggests that it is the e‰cient energy conversion, specifically the baroclinic one, that makes the Silk Road pattern one of the most dominant modes of climate variability over the summertime Eurasian continent.
Summary and discussion
In the present study, we have shown that the Silk Road pattern, identified by Enomoto et al. (2003) and Enomoto (2004) , can be extracted as the domi- nant wave-like anomaly pattern along the summertime Asian jet in the real atmosphere (Fig. 2) , in agreement with the previous studies (Wakabayashi and Kawamura 2004; Sato and Takahashi 2006) . The wavenumber of the observed wave train is overall consistent with the stationary Rossby wavenumber determined by the intensity of the jet. We have confirmed that many of the CMIP3 climate models can reproduce the signature of the Silk Road pattern reasonably well, especially for August, with the wavenumber that is more or less consistent with the simulated jet intensity (Figs. 5, 6 and 8). The results suggest the conventional notion that the Silk Road pattern has a characteristic of a free stationary Rossby wave train propagating along the summertime Asian jet. However, the present study has revealed another, probably more essential, characteristic of the Silk Road pattern. Embedded in the highly baroclinic Asian jet, the anomaly pattern extracts APE so e‰ciently from the jet that the total energy of the pattern can be replenished within a week or so (Fig. 3, Table 2 ). In this particular sense, the observed Silk Road pattern is not purely a free Rossby wave train but rather it can be intensified and/or maintained through its interaction with the mean Asian jet. In fact, our SVD analysis based on a dry LBM has shown that the Silk Road pattern is one of the least damped modes in the mean state observed either in July or in August (Fig. 4) . In addition, our analysis has confirmed the importance of the barotropic energy conversion with the weak but significant zonally-varying component of the Asian jet in determining the preferred geographical phase for the Silk Road pattern as observed, as pointed out by Sato and Takahashi (2006) . For the observed longitudinal phase of the wave train, the KE gain from the Asian jet that occurs locally around its western core over the Aral Sea is found e‰cient enough to compensate the KE loss from the pattern into the jet in other longitudinal sectors along the jet. If the pattern were displaced longitudinally, the local KE gain around the jet core would lose its e‰ciency to cause the net barotropic energy loss. The critical importance of the zonal variations in the Asian jet in the geographical phase fixing of the Silk Road pattern has been confirmed in the CMIP3 model simulations, especially for August (Fig. 9) .
A metric to evaluate a model's skill in reproducing the Silk Road pattern may be defined as a combination of spatial correlation of the EOF1 patterns and the ratio of the standard deviation of the PC1 both evaluated between the JRA-25 data and the particular model. Taylor diagrams showing this skill score are given in Figs. 11a and 11b for July and August, respectively. The score tends to be high for those models that can reproduce the axial latitude, stationary Rossby wavenumber based on the mean intensity and zonal variations of the westerly wind speed of the Asian jet reasonably well, as indicated in Figs. 7, 8 and 9 . The tendency is consistent with the dynamics of the pattern as revealed in the present study. Our analysis has indicated that the reproducibility of the Silk Road pattern in a climate model depends on subtle features of the mean state, suggesting that assessing the reproducibility of the pattern o¤ers a rather stringent test for evaluating the model performance. As inferred from the results in Section 4, Fig. 11 shows another tendency for the score to be lower for July than for August. In fact, as many as 13 out of the 24 models can reproduce the Silk Road pattern in the August EOF1 in a fairly realistic manner (with the pattern correlation greater than 0.8), but only two in July. Among them, ''MIROC medres'' and ''NCAR CCSM'' show relatively high skill both for July and August.
The SVD analysis based on the same LBM has been conducted but with a coarser horizontal resolution of T21. In this case, however, we could not find any singular modes that correspond to the observations as reasonably well as those shown in Fig.  4 . This result suggests that resolution of a climate model must be as fine as T42 to reproduce the Silk Road pattern. Unlike most of those participated in the first or second phase of CMIP, almost all the resolutions of the CMIP3 models exceed T42 and we anticipate even higher resolution in the next phase of CMIP.
We believe that understanding the dynamics of the Silk Road pattern will be helpful in assessing its long-term modulations under the warmed climate in future. Any modulations simulated in the Silk Road pattern with respect to its latitudinal position, wavelength, amplitude and energetics in the future projections under the global warming must show dynamical consistency with the changes simulated in the Asian jet. Confirmation of the dynamical consistency will, in turn, further substantiate our dynamical interpretations of the Silk Road pattern. It should be kept in mind, however, that the metric given in Fig. 11 is by no means perfect and thus requires further improvement.
Interpolation of the CMIP3 data
In the conventional bilinear interpolation procedure, a value of a given variable on an interpolated grid point (iGP) depends only on the four nearest surrounding original grid points (oGPs). When the procedure is applied to translate a grid system onto much coarser one, those oGPs that are not adjacent to any iGPs are ignored in the interpolation, resulting in nonconservation of the globally integrated value of the variable. To avoid such a drawback as above, we adopted another interpolation procedure that may be called ''area sampling method''. In this procedure, a value on a particular iGP is obtained as the mean of the values at the oGPs included in the surrounding area that iGP represents, each weighted by its area fraction. Indeed, this method is the same as the bilinear interpolation if applied between a pair of grid systems with comparable spatial resolutions. The actual interpolation was conducted for a given variable on a spherical geom- etry so that its globally integrated value is conserved strictly. Applying this method we prepared the 2:5 Â 2:5 version of the CMIP3 dataset to be shared by the DIAS users.
